We have reported that overnight fasting stimulates bicarbonate reabsorption (J tCO2 ) in rat distal tubules. The present in vivo microperfusion studies evaluated the hypothesis that endogenous angiotensin II (AII) mediates this response. Rat late distal (LD) tubules were perfused at 8 nl/min in vivo with a hypotonic solution containing 28 mM bicarbonate. In overnight-fasted rats, LD J tCO2 was significantly higher than in normally fed rats (50 Ϯ 4 vs. 16 Ϯ 6 pmol/min и mm, P Ͻ 0.05). When overnight-fasted rats were salt-loaded, J tCO2 fell significantly (38 Ϯ 3 pmol/min и mm, P Ͻ 0.05). Conversely, in fed rats ingesting a zero-salt diet, J tCO2 increased threefold (45 Ϯ 5 pmol/min и mm, P Ͻ 0.05). Enalaprilat infusion (0.25 g/kg body wt, intravenously), in these zero-salt and overnight-fasted rats, reduced LD J tCO2 values to normal. Further, infusion of losartan (5 mg/kg body wt, intravenously), the specific AII AT 1 receptor blocker, reduced J tCO2 in overnight-fasted rats by two-thirds (16 Ϯ 4 pmol/min и mm, P Ͻ 0.05). Finally, we perfused 10 Ϫ 11 M AII intraluminally with and without 10 Ϫ 6 M losartan: AII increased J tCO2 to 45 Ϯ 6 pmol/min и mm, equal to the zero-salt flux. This was completely abrogated by simultaneous losartan perfusion. Therefore, these results suggest that AII is an in vivo stimulator of late distal tubule bicarbonate reabsorption. ( J. Clin. Invest. 1996. 97:120-125.)
Introduction
Using in vivo microperfusion techniques in the rat, we have shown that distal tubule net bicarbonate reabsorption (J tCO2 ), 1 which is modest or absent in normally fed rats, is greatly enhanced by overnight fasting (1) . Recently, we demonstrated that in fed rats systemic angiotensin II (AII) infusion briskly augments distal tubule J tCO2 (2) . Accordingly, we wondered whether it was possible that endogenous levels of AII might modulate late distal (LD) tubule J tCO2 in vivo. The hypothesis that changes in AII might underlie our findings is further strengthened by the observations that our overnight-fasted rats have significant weight loss, excrete little urinary sodium, and drink excessively: AII is a powerful dipsogen, and fasting and/or weight loss as well as sodium deprivation can elicit high plasma levels of AII (3) . If it is true that AII underlies the different distal tubule response in fed and fasted rats, it would follow that changes in dietary sodium, angiotensin-converting enzyme (ACE) inhibition, or AII receptor blockade should also influence LD J tCO2 .
Accordingly, the objective of this study was to test the hypothesis that AII importantly modulates rat LD J tCO2 . The LD tubule, made up of the connecting segment and the initial collecting tubule, and containing both A and B type intercalated cells (demonstrable in surface distal tubules available for microperfusion [4] ), presumably reflects collecting duct transport, and investigations in this segment should therefore provide insight into regulation of final urine acidification.
Our results support the hypothesis that AII acts as an endocrine or paracrine hormone to modulate LD J tCO2 . First, LD J tCO2 rises briskly in response to ingestion of a zero-salt diet, associated with high plasma renin activity (PRA). Second, this response in zero-salt rats can be inhibited by enalaprilat. Third, in overnight-fasted rats LD J tCO2 augmentation is decreased by drinking saline, enalaprilat infusion, and infusion of the specific AT 1 receptor inhibitor losartan. Finally, intraluminal perfusion of AII at a concentration of 10 Ϫ 11 M briskly augments J tCO2 at the LD site, an effect which is completely abrogated by simultaneous losartan perfusion.
Methods
Rats and diets. Adult male Sprague-Dawley rats, born and raised in a climate-controlled facility at the University of Ottawa and weighing between 250 and 350 grams, were used in all experiments. They were maintained on standard laboratory rat chow (Ralston-Purina, Woodstock, Ontario, Canada) and tap-water drink before experimentation. They were then separated into four groups and fed the following diets: group 1 (FED), rat chow and tap water; group 2 (FED/NO SALT), zero-NaCl synthetic diet 2 and distilled water for 3 d; group 3 (FASTED), fasted overnight and distilled water drink; and group 4 (FASTED ϩ SALT), high-NaCl synthetic diet 3 and distilled water for 2 d, then fasted overnight while drinking 0.9% saline.
Rats were housed in individual stainless steel metabolic cages for 16 h (overnight) before microperfusion, allowing measurement of ingested food and drink, and collection of urine under oil, using thymol as a preservative.
Microperfusion experiments. Rats were anesthetized with 100 mg/kg Inactin (BYK Gulden, Konstanz, Germany) and prepared for micropuncture as described previously (2) . Briefly, the animal was placed on a heated operating table and a tracheostomy was performed, using PE-240 tubing. The left carotid artery was cannulated for continuous blood pressure measurement and collection of blood for electrolyte analyses, while the left jugular vein was cannulated with three lines for infusion of fluid, anesthetic (Somnotol) and 10% lissamine green. The left kidney was exposed by flank incision, carefully dissected from the adrenal gland, and immobilized in a stainless steel cup covered with mineral oil, while the left ureter was catheterized with PE-50 tubing to ensure proper urine flow.
Rats were infused via the jugular vein with donor plasma from a similarly treated rat at a rate of 1% body wt/h (BW/h) for 30 min to replace surgical fluid losses, then infused with 0.9% saline at 1% BW/h for the remainder of the experiment. The effect of inhibitors of AII on LD J tCO2 was tested by infusing the ACE inhibitor enalaprilat (kindly supplied by Dr. Ernest Prégent) and the specific AT 1 receptor inhibitor losartan (a generous donation from Dr. Ronald Smith), in rats from groups 2 and 3. These drugs were infused in solution at 1% BW/h for 5 min immediately before the experimental period, yielding doses of 0.25 g/kg BW and 5 mg/kg BW, for enalaprilat and losartan, respectively. Samples were taken within 20-60 min of these infusions.
Perfusable LD tubules were identified by injecting a bolus of 1% lissamine green into surface proximal loops and timing the appearance of two-or three-loop surface distals. LD tubules were identified based on a comparison of the whole kidney transit time and the individual tubular transit time. In many tubules this designation could be confirmed by the appearance of a distal branch in the latex cast, within 1 mm of the collection site. Tubules were perfused at 8 nl/min with a hypotonic perfusion solution containing (mM): 28 HCO 3 , 26 Cl, 56 Na, 2 K, 22 urea, and 4 gluconate. When the effect of luminal perfusion of AII was studied, a modified perfusate (1a) containing CaCl 2 and 1% albumin was used (Table I) . Calibration of the perfusion pump was done in vitro. Collections of LD samples were quantitative and timed. Samples were accepted after comparing the calculated perfusion rate ( v , see Calculations below) and the nominal perfusion rate (i.e., at what rate the calibrated perfusion pump was set), and those not within Ϯ 15% of the nominal rate were discarded. Collections were analyzed for inulin, total carbon dioxide (tCO 2 ), and chloride concentrations.
Analyses. PRA was measured in rats identically treated to rats from groups 1-4. Blood was collected on ice via the carotid artery in anesthetized rats and centrifuged, and the plasma was stored at Ϫ 20 Њ C until the assay was performed. Using a commercially available clinical assay kit (Incstar Corp., Stillwater, MN), PRA was determined by radioimmunoassay of generated angiotensin I produced during incubation of plasma samples.
Perfusate and sample tCO 2 concentrations were measured by microcalorimetry as described previously (2) . Micropuncture and sample handling pipettes contained Hepes-buffered mineral oil, and the samples were placed on a quartz dish flooded with Hepes-buffered mineral oil. A separate tray contained four standards (10, 20, 30 , and 40 mM NaHCO 3 ) in water-equilibrated mineral oil. A standard curve was run before sample analysis, and standards bracketed the determination of sample and perfusate tCO 2 concentration.
Sample and perfusate chloride concentrations were determined by constant current electrotitration with potentiometric end-point sensing as described previously (2) . A series of four standards (20, 40, 60 , and 80 mM NaCl) was run before and during perfusate and sample analysis to generate a regression line and assess instrument stability. In analytes suspected to have low chloride concentrations, a midcurve standard was added to the sample or perfusate before titration.
Calculations. The perfusion rate ( v ˚ ) was calculated as the product of the collected rate ( v • ) and the TF/P in (ratio of inulin concentration in collected tubular fluid and perfusate). J tCO2 was calculated as:
; where c p and c c are the measured tCO 2 concentrations in perfusate and collected fluid, respectively, and L is the tubule length in millimeters, measured by dissection after latex injection. Chloride fluxes (J Cl ) were calculated in the same manner.
Statistics. All data are expressed as the arithmetic mean Ϯ SEM. Balance, blood, and urine data for groups 1-4 are summarized in Table II . The values represent pooled data from all experiments using group 1 rats, group 2 rats, etc. Statistical significance was assessed, as appropriate, by t testing or one-way ANOVA, followed by Dunnett's test for comparisons versus a control. Tests yielding a P value of Ͻ 0.05 indicated a statistically significant difference between groups. Table II summarizes the balance, blood, and urine data pooled for all experimental animals in groups 1-4. All normally fed animals gained weight, although rats fed the zero-NaCl diet gained significantly less weight than their counterparts on rat chow (10 Ϯ 1 vs. 15 Ϯ 1 grams, P Ͻ 0.05). Conversely, overnight weight loss was demonstrated in all fasted animals, though the weight loss was attenuated in those animals maintained on a high-NaCl diet before overnight fasting ( Ϫ 12 Ϯ 1 vs. Ϫ 25 Ϯ 1 grams, P Ͻ 0.05). As has been demonstrated previously in this laboratory (1), a significantly lower plasma bicarbonate concentration was noted in overnight fasted animals (25.5 Ϯ 0.2 vs. 30.8 Ϯ 0.2 mM, P Ͻ 0.05). As expected, there were marked differences in urinary excretion rates of Na, K, and Cl among the four groups of rats: group 2 rats (FED/NO SALT) excreted minimal Na, K, and Cl, compared with the chow-fed controls (group 1) (44 Ϯ 10 vs. 1,634 Ϯ 98, 507 Ϯ 35 vs. 3,771 Ϯ 174, and 82 Ϯ 13 vs. 2,266 Ϯ 107 eq/16 h, for Na, K, and Cl excretion, respectively, P Ͻ 0.05 for each excretion rate versus control), whereas salt loading before overnight fasting (group 4) greatly enhanced Na and Cl excretion (5,237 Ϯ810 vs. 650Ϯ58 and 4,619Ϯ826 vs. 495Ϯ54 eq/16 h, for Na and Cl excretion, respectively, P Ͻ 0.05 for each excretion rate versus control), and decreased urinary K excretion (504Ϯ75 vs. 1,568Ϯ191 eq/16 h, P Ͻ 0.05), compared with normally fasted rats (group 3). PRA was measured in group 1-4 rats (Table II) . Predictably, salt-deprived rats (group 2) showed a 100% increase in PRA compared with normally fed animals (41.6Ϯ0.8 vs. 18.4Ϯ1.4 ng/mlиh, P Ͻ 0.05). However, overnight fasting was not associated with a significant change in PRA, and this was not modified by salt loading (18.2Ϯ1.9 vs. 21.9Ϯ1.8 ng/ mlиh, P ϭ NS).
Results
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Microperfusion results
Blood pressure was monitored continuously throughout the surgical and experimental periods (average mean blood pressure for all experimental animals was 134Ϯ2 mmHg). Similarly, the tubular transit time was repeated as a measure of kidney function. There were no changes noted in blood pressure or transit time after the enalaprilat and losartan infusions. As noted, samples were taken within 20-60 min of these infusions, making changes in aldosterone effects unlikely (see Discussion). Table III summarizes the results of microperfusion experiments to assess the effects of dietary salt deprivation, and dietary salt loading before overnight fasting, on LD water, chloride, and bicarbonate fluxes. Water reabsorption (J v ) increased significantly after overnight fasting (2.9Ϯ0.2 vs. 1.6Ϯ0.3 nl/minиmm, P Ͻ 0.05). This effect was mitigated somewhat by dietary salt loading (2.3Ϯ0.4 vs. 2.9Ϯ0.2 nl/minиmm, P Ͻ 0.1). There was no statistically significant difference in LD chloride flux among the four groups studied, although variations in J tCO2 were observable with the different treatments. As has been demonstrated previously by this laboratory in the entire distal tubule, overnight fasting stimulated enhanced LD bicarbonate reabsorption, compared with normal feeding (50Ϯ4 vs. 16Ϯ6 pmol/ minиmm, P Ͻ 0.05). Rats fed a zero-NaCl diet for 3 d (group 2) also reabsorbed bicarbonate briskly, in fact, to a level not significantly different from overnight-fasted rats (45Ϯ5 vs. 50Ϯ4 pmol/minиmm, P ϭ NS). When rats were salt loaded before overnight fasting (group 4), in an attempt to suppress the fast- ing-stimulated increase in LD J tCO2 , a small but significant decrease in J tCO2 was demonstrated (38Ϯ3 vs. 50Ϯ4 pmol/ minиmm, P Ͻ 0.05). Therefore, these results suggest that LD J tCO2 is modulated by factors which are regulated by salt intake, such as AII. Therefore, the two animal preparations in which there was enhanced LD J tCO2 (groups 2 and 3) were used in further experiments, targeting the effect of AII and its inhibitors. Table IV summarizes the results of experiments undertaken with inhibitors of AII: enalaprilat (an ACE inhibitor) and losartan (a specific inhibitor of the AT 1 receptor). Group 2 rats were infused with enalaprilat before micropuncture, and in these rats LD J tCO2 was reduced by 60% (20Ϯ5 vs. 45Ϯ5 pmol/minиmm, P Ͻ 0.05) to a level not different from normally fed group 1 rats (20Ϯ5 vs. 16Ϯ6 pmol/ minиmm, P ϭ NS). J v also tended to decrease with the enalaprilat infusion (1.6Ϯ0.2 vs. 2.1Ϯ0.2 nl/minиmm), but not to a statistically significant level. In group 3 rats, both enalaprilat and losartan were systemically infused before micropuncture, and each produced a significant decrease in LD J tCO2 (50Ϯ4, 24Ϯ2, and 16Ϯ4 pmol/minиmm for FASTED, FASTED ϩ enalaprilat, and FASTED ϩ losartan, respectively, P Ͻ 0.05 for each inhibitor versus control). In these overnight fasted animals, J v was also significantly decreased by these inhibitors (2.9Ϯ0.2, 1.6Ϯ0.2, and 1.6Ϯ0.2 nl/minиmm, for FASTED, FASTED ϩ enalaprilat, and FASTED ϩ losartan, respectively, P Ͻ 0.05 for each inhibitor versus control).
Effect of dietary salt manipulation.
Effect of inhibitors of AII.
Effect of luminal AII perfusion. Table V summarizes the  results obtained by luminal perfusion of 10 Ϫ11 M AII in fed rats (group 1). A modified perfusate (1a, see Table I ) was designed for luminal AII experiments, which included 1.8 mM calcium and 0.1% albumin (added to prevent adherence of the peptide to the surface of glassware). Therefore, an additional group of control rats was perfused with the calcium/albumin-containing vehicle: there was no difference in J v , J Cl , or J tCO2 (Table V) in these animals compared with controls perfused with the original solution.
The addition of 10 Ϫ11 M AII stimulated brisk LD J tCO2 (45Ϯ6 vs. 18Ϯ4 pmol/minиmm, P Ͻ 0.05) which was not associated with an increase in J v (1.7Ϯ0.1 vs. 1.8Ϯ0.3 nl/minиmm, P ϭ NS). Simultaneous perfusion of 10 Ϫ6 M losartan and 10 Ϫ11 M AII completely abolished this increase (21Ϯ4 vs. 18Ϯ4 pmol/ minиmm, P ϭ NS), and again there was no effect on J v (1.7Ϯ0.2 vs. 1.8Ϯ0.3 nl/minиmm, P ϭ NS).
Discussion
The present in vivo microperfusion data support the view that AII enhances LD bicarbonate reabsorption after overnight fasting or ingestion of a zero-salt diet, and that these effects can be diminished, or completely abrogated, by enalaprilat or losartan. Further, with respect to luminal transport, we demonstrate that in vivo luminal perfusion of AII at a physiologic concentration also briskly augments LD J tCO2 . Simultaneous perfusion with the specific AT 1 inhibitor losartan abolishes this response.
The experimental preparation. We recognize that interpretation of acute studies involving AII in anesthetized rats should be made with caution. PRA and plasma AII and aldosterone levels may each be influenced by anesthesia per se, and variably in our different experimental groups. Because PRA was unchanged in fasted rats, the ability of losartan to reduce LD J tCO2 by two-thirds in these animals suggests that local renal tissue AII mediates the response, rather than plasmaderived AII. There is also the possibility that plasma aldosterone levels varied in the different protocols and directly stimulated bicarbonate retrieval in fasted and salt-deprived rats. However, we think it unlikely that, within 20-60 min of the infusion of blocking doses of enalaprilat or losartan, an enhanced late distal tubule mineralocorticoid-driven bicarbonate reabsorptive flux could be abruptly returned to normal levels, as was observed. Indeed, Tofovic et al. (5) report that infusion of losartan in anesthetized rats, at twice the dose we used, and over the same time period, does not affect blood pressure or plasma aldosterone concentration. Further, we show that 10 Ϫ11 M intraluminal AII perfusion, acting via the AT 1 receptor, quantitatively simulates responses elicited by zero-salt diet consumption and fasting: control values of ‫02ف‬ pmol/minиmm rise more than twofold and return to the same value with enalaprilat and losartan. In any case, such aldosterone effects would not be inconsistent with our conclusion that AII is the mediator of change. Clearly, they would be a consequence of changes in AII levels on adrenal zona glomerulosa cells. Quantitation of these possible secondary effects of aldosterone would require, of course, repetition of all experimental protocols in adrenalectomized rats, concomitant with measurement of renal tissue AII levels.
What is the origin of AII which causes the stimulatory effects of zero-salt diet or fasting on LD J tCO2 ? One possibility is that circulating levels of AII increase with salt deprivation or with fasting, and that AII is filtered at the glomerulus and delivered to distal nephron sites. However, we did not observe an increase in PRA in fasted animals, rendering this possibility less likely. Furthermore, proximal tubule brush border peptidase activity (6) might not permit sufficient delivery of intact AII to distal sites.
An alternate hypothesis regarding the origin of AII is that its proximal tubule synthesis is enhanced by a zero-salt diet and by fasting. As demonstrated by Seikaly et al. (7) and by Navar et al. (8) , luminal concentrations of AII in proximal tubule are in the nanomolar range. These high tubular fluid concentrations likely reflect secretion of AII from proximal tubule cells, since these cells contain all the components of an intrarenal renin-angiotensin system. Vos and colleagues (9) have demonstrated that, in humans, urinary AII is derived from intrarenal synthesis, presumably from proximal tubule origin. Therefore, it is conceivable that proximal tubule synthesis of AII in the rat is enhanced with a zero-salt diet or with fasting. Depending on the site of production of this AII within the proximal tubule, it may bypass some or much of the brush border peptidase activity, allowing delivery to AT 1 receptor sites on the luminal surface of the LD tubule. Along these lines, a recent study by Cheng et al. (10) demonstrated that AII upregulates AT 1 receptors in rabbit proximal tubule and that lowsalt diets were associated with increased proximal tubule AT 1 receptors, suggesting the possibility of enhanced local AII synthesis.
Localization of LD AII receptors. The mRNA which encodes AT 1 receptors has been localized to collecting ducts of rat (11) , and specific binding of AII has been demonstrated in distal nephron segments (12) . In rabbit outer cortical collecting duct, a segment rich in B type intercalated cells, a preliminary report by Weiner et al. (13) (14) , the rat cortical collecting duct contains predominantly B type intercalated cells. There is strong evidence that accumulation of cAMP in B type intercalated cells stimulates bicarbonate secretion (20) (21) (22) . Accordingly, insofar as AII is associated with decreased proximal tubule adenylate cyclase activity (23) , it is conceivable that this second messenger could play a role at the distal tubule site modulating bicarbonate transport. Two observations bear critically on this possibility. Recently, we have shown in fasted rats (2) that isoproterenol-known to increase cAMP (21, 22)-decreases bicarbonate reabsorption. Since our present studies demonstrate that AII increases bicarbonate reabsorption, it is possible, therefore, that isoproterenol raised intracellular levels of cAMP, which had been reduced by AII in fasted rats, thereby stimulating B type intercalated cell bicarbonate secretion. Also relevant is our recent demonstration (24) that AII suppresses cAMP in cultured rabbit collecting duct cells. This proposal, that AII may act to increase late distal bicarbonate reabsorption via modulation of intracellular cAMP, is worthy of future study, perhaps by the addition of 8-bromo-cAMP to the perfusate.
What is the significance of enhanced LD J tCO2 in fasted rats? In 1849, Henry Bence Jones noted, "The degree of acidity of the urine was found to be greatest a short time before food was taken . . ." (25) . We have reported already that fasting a rat-withholding food overnight-before experimentation produces a fall in urine pH and a 5 mM fall in plasma [HCO 3 ] when compared with the normally fed rat (1) . Whatever the causes of these acid-base effects, the enhanced capacity for distal tubules to retrieve bicarbonate would tend to restore plasma bicarbonate concentration to normal. This may be analogous to the enhanced J tCO2 after acid gavage (26) , and the persistent alkalemia induced by selective chloride depletion, accompanied, invariably, by some degree of extracellular fluid volume contraction. These and other observations raise the possibility that AII contributes to acid-base homeostasis.
In summary, we have shown that in fasted rats and in rats fed a zero-salt diet LD J tCO2 is markedly enhanced, and that this effect is abrogated by blockade of AT 1 receptors or inhibition of AII synthesis. In addition, a physiologic concentration of luminal AII stimulated J tCO2 in the LD tubule. Our results support the hypothesis that AII acts as an endocrine or paracrine hormone to modulate LD J tCO2 and therefore may be an important in vivo regulator of systemic acid-base balance.
